The organization and biologically significant sequences of the entire mouse nerve growth factor (NGF) gene have been determined. The gene spans 45 kilobases and contains several small 5' exons. Transcription of the gene results in four different mRNA species, which can be accounted for by alternative splicing and independent initiation from two promoters. These transcripts encode proteins which have divergent N termini and the NGF moiety at their C termini. The levels of the various NGF transcripts have been determined in different tissues and throughout postnatal development. We have also examined the expression of these transcripts in the brain in response to specific early sensory deprivation. The results suggest that the expression of NGF mRNA during postnatal development is regulated independently of the formation of complex neural networks.
The organization and biologically significant sequences of the entire mouse nerve growth factor (NGF) gene have been determined. The gene spans 45 kilobases and contains several small 5' exons. Transcription of the gene results in four different mRNA species, which can be accounted for by alternative splicing and independent initiation from two promoters. These transcripts encode proteins which have divergent N termini and the NGF moiety at their C termini. The levels of the various NGF transcripts have been determined in different tissues and throughout postnatal development. We have also examined the expression of these transcripts in the brain in response to specific early sensory deprivation. The results suggest that the expression of NGF mRNA during postnatal development is regulated independently of the formation of complex neural networks.
Developing sympathetic and sensory neurons require nerve growth factor (NGF) (17, 28) for survival. Of these cells, a significant proportion dies in the first few weeks after birth (approximately 30% for the sympathetic neurons in the rat superior cervical ganglion). Injection of antibodies to NGF during the development of sympathetic and sensory neurons results in the death of these cells (9, 18) . Administration of purified NGF permits the survival of all these cells, including those that would normally die (1) . NGF thus appears to be a modulator of normal, programmed cell death. During development, neurons which obtain NGF survive, while those that do not, die.
Sympathetic and sensory neurons acquire NGF via a specific, retrograde axonal transport system (27) . Transecting the axons of developing sympathetic neurons in the superior cervical ganglion causes the cells with lesions to die. Similarly, death occurs after administration of antibodies to NGF. Systemic injection of NGF permits survival of the axotomized cells, presumably by providing NGF directly to the cell body (11) . Cells responding to NGF have NGF receptors on their processes and on their cell bodies (12, 14) . The presence of a retrograde axonal transport system for NGF suggests that neurons obtain NGF from the cells that they innervate. The fact that NGF protein and mRNA levels correlate with the density of innervation in peripheral organs supports this idea (15, 25) . The development of normal adult neural networks thus appears to depend on NGF gene expression in cells interacting with the dependent neurons.
An NGF cDNA derived from the mouse submaxillary gland has been isolated and characterized (24) . It predicts a precursor protein with the NGF moiety at the C terminus. We have also described a cDNA representing a shorter NGF transcript that predominates in all tissues other than the mouse submaxillary gland and the placenta from several species (8) . The virtual identity of the nucleotide sequence of the two cDNAs suggests that they were derived from the same gene. A portion of the human gene corresponding to the mouse cDNA but lacking the 5' sequence has been reported (6, 29) .
We present here the structure of the entire mouse NGF gene, as well as the sequences of two additional cDNAs, and * Corresponding author.
we show that the four cDNAs result from alternative splicing and the use of independent promoter elements. We also report the distribution of the NGF mRNAs in different tissues and throughout postnatal development. In sensory deprivation experiments, the level of steady-state NGF transcripts appears to be independent of the formation of certain neural connections.
MATERIALS AND METHODS
Isolation and characterization of cDNA clones. To conserve the full 5' ends of the mRNA, we constructed a AgtlO submaxillary gland cDNA library by using random primers for synthesis of the first strand and a modification of the Gubler-Hoffman method for synthesis of the second strand (8, 10) . We screened the library with oligonucleotides as previously described (8) and sequenced the unique clones of interest (identified by comparing dideoxy T tracks) on both strands (20, 23) .
RNA analysis. Freshly dissected tissue from several animals in different litters was pooled and homogenized with a polytron in guanidinium isothiocyanate (4) . Total RNA was prepared by LiCl precipitation (3) or by CsCl density gradient sedimentation, followed by phenol-chloroform extraction and two ethanol precipitations. RNA content was determined spectrophotometrically at 260 nm after the second precipitation.
Primer (19) representing various portions of the NGF cDNA and genomic subclones. Hybridizing phage were purified, restriction mapped, and subcloned into M13 vectors for sequencing. All exons and their immediate flanking DNA were sequenced by the dideoxy method (23) . The size of the intron not represented in the phage clones was estimated by hybridization of genomic DNA with probes derived from the 3' (pH3) and 5' (pH2) ends of the respective 5' and 3' phage.
Lesion experiments. At birth and at 1, 2, and 3 weeks after birth, the right whisker pad was removed from individual mice from several litters, with ice as anesthesia. When the mice were 4 weeks old, they were sacrificed and one of us (F.S.) dissected regions (approximately 3 by 3 mm) encompassing the somatosensory cortex, as well as the dorsolateral brainstem (including the fifth nerve nucleus). RNA preparation and Si nuclease assay were performed as described above.
RESULTS
Different NGF precursors predicted by cDNA clones. We have previously identified two transcripts that derive from the NGF gene. The first mRNA shown in Fig. 1 is the originally described, long NGF transcript (24) , here termed transcript A. A cDNA representing the short transcript (transcript B) was identified as hybridizing to an oligonucleotide complementary to the third exon of A (+205 to +188) and failing to hybridize to an oligonucleotide from the second exon of A (+145 to +124) (8 (Fig. 1) . Transcript D also diverges 5' to the border of exons 2 and 3, but does not contain a new in-frame AUG; it thus predicts a precursor identical to that encoded by transcript B. To determine the relative in vivo levels of transcripts C and D, we performed S1 nuclease analysis on submaxillary gland RNA, with uniformly labeled single-stranded probes derived from the respective cDNA clones (Fig. 2) . Both transcripts C and D were much less abundant (by 2 to 3 orders of magnitude) than A or B were, although transcript D was present in greater quantities than transcript C was (Fig. 1B) .
Structure of the mouse NGF gene. To understand the structural basis for these multiple transcripts, it was necessary to define the organization of the NGF gene and in particular, its 5' portion. Using NGF cDNA A as a probe, we isolated a phage containing the two 3' exons (exons III and IV [ Fig. 3A] ). Exon IV encoded all of mature NGF (118 amino acids), as well as an additional 125 amino acids in the amino-terminal direction. Exon IIIB comprised 124 base pairs (bp) in the non-NGF moiety of the predicted prohormone. Exon IIIA was juxtaposed next to IIIB and accounted for all the unique 5' DNA sequences of cDNA D. The library was further screened with a fragment from the 5' end of cDNA A, which yielded a phage containing an additional 127-bp exon (exon II) in the 5' direction. To obtain the remaining 33 bp of the transcribed portion of the gene, we rescreened the library with a probe specific for this region (5' end of exon II). Additional clones identified in this way extended 2.5 kilobases (kb) further in the 5' direction but lacked the final 33 bp of transcripts A and B. Repeated screening of two mouse phage genomic libraries with a unique sequence in the most 5' region of the above genomic clones failed to yield phage that had the missing exon.
The identification of cDNA C provided a new sequence with which to isolate the 5' end of the NGF gene. Using the most 5' EcoRI fragment of cDNA C as a probe, we identified genomic clones possessing the exon unique to transcript C (exon IA [ Fig. 3A and C]) and in addition, the missing 33-bp exon of transcripts A and B (exon IB [ Fig. 3A and C]). Only 142 bp separated these two 5' exons ( Fig. 3C ). Although these phage clones contained approximately 12 kb of genomic DNA in the 3' direction, they did not overlap with the previously isolated 3' phage clone. Neither probes specific for the 3' end of the 5' phage clone (pH2) nor for the 5' end of the 3' phage clone (pH3) hybridized to any single restriction fragment on a Southern blot of genomic DNA (Fig. 3B) . The largest bands hybridizing to the probes were found in EcoRV-digested DNA. The pH3 DNA hybridized to a 7.0-kb fragment extending 3 4) and D (lanes 6 to 9). The following amounts of Si nuclease per reaction were used: 1 U in lanes 1 and 6, 10 U in lanes 2 and 7, and 100 U in lanes 3 and 8; tRNA controls (20 F±g in lanes 4 and 9) were digested with 10 U of S1 nuclease. Arrows indicate the protected fragments, with the two major transcripts represented by the lower, intense band. The numbers to the left of the gel indicate the sizes (in bases) of the fragments. (B) Diagram of the Si nuclease probes derived from cDNAs C and D. An oligonucleotide complementary to +328 to +306 (of transcript A) was annealed to the appropriate M13 subclone, extended with the Klenow fragment of Escherichia coli DNA polymerase, digested in the M13 polylinker (represented by the dashed lines), and prepared from a 5% urea-polyacrylamide gel. cDNA C has an internal EcoRI site so the relevant (3') subclone was used to generate the probe. The size of the probes is shown to the right in nucleotides (nt). The arrows below indicate the predicted sites of cleavage by S1 nuclease, along with the sizes of the protected fragments. fragment extending 5' from an EcoRV site in the intron between exons II and III. This indicates a minimum size of around 32 kb for the intron between exons I and II. Further mapping revealed the sizes of the second and third introns to be approximately 4 and 6 kb, respectively. Thus, the NGF gene comprises more than 43 kb. The sequences of all the exon-intron boundaries followed the consensus signals for RNA splicing (21) (data not shown). Figure 4 shows the various NGF transcripts in relation to the NGF gene. A comparison of the organization of the murine NGF gene with the known portion of the human NGF gene reveals a perfect correspondence in the sizes of the two most 3' exons and in the location of the introns (6, 29) (Fig. 3A) .
Primer extension experiments have already defined the transcription start sites of the two major NGF transcripts (A and B) (24) . The sequence upstream contained a TATA-like element, TTAAA, at -28 and an unusually GC-rich (68%) region at -50 to -140 relative to the cap site (Fig. 3C) . Because of the extremely low abundance of transcript C, we could not clearly identify the transcriptional start site by primer extension or S1 nuclease analyses (with a shorter genomic probe, rather than the larger, and therefore, more sensitive, cDNA probe used in Fig. 2) . The absence of an upstream consensus splice acceptor sequence and the presence of an in-frame upstream termination codon suggest that translation initiates at the AUG indicated in Fig. 1 . Examination of the genomic sequence flanking the 5' end of cDNA C does not reveal a TATA element (5) or sequences similar to the simian virus 40 21-bp repeat that have been observed in several other genes (22, 30) . Two CCAAT (2) boxes were observed at positions -79 and -180 (data not shown). To determine whether transcript C is conserved, we probed a Southern blot of human genomic DNA with a 5' sequence unique to cDNA C and detected a single hybridizing band (data not shown). A probe containing the 5' end of transcript D (exon IIIA) and extending 200 bp in the 5' direction was fully protected from Si nuclease digestion with mouse submaxillary gland RNA (data not shown). This suggests that this cDNA may represent a partially spliced intermediate in the processing of the primary NGF transcript.
Expression of both NGF transcripts A and B in many adult tissues. The distribution of NGF transcripts was determined in adult mouse tissues. Primer extension experiments with a single-stranded primer (complementary to +328 to +199 of transcript A) with a high specific activity showed that in contrast to the salivary gland, where transcript A (the longer extension product) predominates, all the peripheral organs and brain regions tested had transcript B (the short product) as the major NGF mRNA (Fig. 5) . Densitometry showed ratios of approximately 3:1 (A:B) for the submaxillary gland and 1:4 for the other tissues. Intermediate extension products presumably result from premature termination; this would produce a modest underestimation in the abundance of transcript A. Further, it is possible that the long extension product represents transcripts C and D (as well as A); cDNAs C and D are virtually the same length (at their 5' ends) as transcripts A and B. However, as transcripts C and B are very rare even in the submaxillary gland, it is likely that most of the long extension product represents transcript A. There appears to be no sexual dimorphism in the NGF gene expression in the mouse brain (Fig. 5, lanes 5 and 6) , as there is in the submaxillary gland.
Parallel increase of NGF transcripts throughout early postnatal development. To determine whether the expression of the various NGF transcripts correlates with a phase of neural development, we have used a sensitive S1 nuclease assay to distinguish the transcripts in RNA samples obtained at different times after birth. The single-stranded, uniformly labeled ([32P]dCTP and [32P]dGTP) probe extends from +328 past the cap site of transcript A (into the M13 polylinker) and hence distinguishes transcript A from other transcripts divergent at the + 159 splice junction (mostly transcript B). In the cortex, the level of NGF transcripts increased during the weeks after birth and reached a peak at 20 days; it then ,ug of yeast tRNA (lane 14) . Arrows indicate the major extension products with the predicted sizes for the two major transcripts A and B (328 and 201 bases, respectively). stabilized at a slightly lower level (Fig. 6) . Similar S1 nuclease analyses of globe RNA (retina as well as iris) showed a roughly twofold increase after birth, with a peak at 14 to 17 days, somewhat earlier than in the cortex (data not shown). Heart RNA also showed a doubling in NGF expression by 17 days, which was followed by a considerable decline (data not shown). At all times transcript B predominated over A (four-to eightfold as determined by densitometry) in the different tissues. The patterns remained stable from 4 weeks to adulthood (Fig. 7) .
Using a probe with a high specific activity for transcript C, we detected a faint signal with the submaxillary gland, the 10-week heart and adult cortex total RNA (Fig. 8) . Unlike the salivary gland where the level of C relative to that of B and A was very low (less than 1% of the total NGF RNA), the level of transcript C in cortex and heart made up 5 to 10% of total NGF mRNA.
Effect of whisker removal and consequent rearrangement of sensory pathway on NGF transcript levels. Synaptogenesis occurs at roughly the same time in development as the observed changes in the level of NGF transcripts. To determine whether synaptogenesis has a role in causing the initial rise and later stabilization of NGF mRNA in the cortex, we attempted to prevent the normal formation of synapses in that brain region. For these experiments, we have used the mouse whisker pad system with its convenient internal control (the opposite side) (34) . This system has revealed the importance of sensory experience in the formation of certain neural networks. Three neurons connect whiskers to the rodent somatosensory cortex. Removal of the right whisker at birth disrupts the development of these neurons. Axons from the second neuron in the pathway (with its cell body in the left thalamus) then fail to reach their target cells (in the left cortex) as they would normally (34) . While it is not known whether the thalamocortical connection involves NGF, sensory deprivation at this stage of development dramatically disturbs the architecture of the somatosensory cortex. We removed the right whisker pads of mice within 1 day after birth. (Subsequent examination at 4 weeks after birth showed no regrowth of whiskers.) SI nuclease protection analysis showed no difference in NGF mRNA expression (Fig. 7) , at 4 weeks in the relevant somatosensory cortex. The extra band present only on the left and seen in various other SI nuclease assays, appears to be specific but is of unclear origin. Attempts to clone other cDNAs that might correspond to this species have failed. Because we may have missed the critical time in which a lesion could produce an effect, we also removed whisker pads at 1, 2, and 3 weeks after birth; somatosensory deprivation beginning at these times also had no effect on the levels of cortical NGF transcripts at 4 weeks after birth (data not shown). Additionally, the lesions produced no alteration in 4-week NGF (A) S1 nuclease analysis of NGF transcripts from the developing mouse cortex. A 25->g portion of total RNA from mouse cortex from the postnatal period shown was hybridized to a probe representing the full 5' end of NGF transcript A. Probe fragments protected from S1 nuclease digestion by the RNA were separated on a 5% urea-acrylamide gel; the dried gel was exposed with an intensifying screen at -70°C for 1 transcript in the brainstem (where synaptic input is even more directly affected by whisker removal).
DISCUSSION
To understand the regulation of NGF expression, we have analyzed the gene and its major transcripts. The NGF gene has multiple small exons in the 5' regions which were not previously evident. This organization has contributed to the difficulty in isolating the full gene (7, 29) . The four transcripts identified by cDNA cloning predict three closely related NGF precursor proteins which diverge only at their N termini. The mature NGF encoded by the various transcripts is transcribed from the large 3' exon. Transcripts A and B differ as a result of alternative splicing at exon II; transcript C appears to be derived from an independent promoter; transcript D may be a partially spliced transcript. Thus, NGF gene expression is probably regulated by transcription initiation and by RNA processing.
Significantly, the sequence differences in the N termini of the precursors alter the position of the hydrophobic domain assumed to function as a signal peptide; whereas the precursor predicted by transcripts B and D has this domain in the N-terminal position, transcripts A and C predict proteins with the same hydrophobic sequence about 70 amino acids from the N terminus. The differences in structure might signify functional differences of these precursors. These putative functional differences could be reflected in distinctive transcriptional patterns in different tissues and throughout development. However, we have found that all tissues, except for mouse submaxillary gland and the placenta (Edwards et al. [8] 
